This paper proposes a novel individual blade pitch control strategy with the objective of reducing blade vibration. A wavelet linear quadratic regulator (LQR) control algorithm which is an advanced modification of the conventional LQR controller has been developed for this purpose. The formulation of the modified LQR algorithm uses the information derived from wavelet analysis of the blade response in realtime to obtain the local energy distribution over frequency bands. This information, reflecting the effect of excitation on the blades, is used to design the pitch controller by updating the weighting matrices to be applied to the response energy and the control effort. The proposed control algorithm does not require a priori choice of the weights as in the classical case and calculates the gains using the weights based on the response characteristics in real time. The optimal LQR control problem is solved for each time interval with updated weighting matrices, through the Ricatti equation, leading to time-varying gain matrices. Simulations are carried out using the National Renewable Energy Laboratory's (NREL) high-fidelity FAST wind turbine simulation model. The simulations indicate that the proposed new wavelet controller achieves significant reduction in the out-of-plane response of the blades as compared to standard LQR or industry standard proportional integral (PI) controllers, at the expense of minor increases in rotational speed variability and increased pitch actuator usage.
INTRODUCTION
The development of wind energy technology over the past two decades has been remarkable. The Global Wind Energy Council (GWEC) reports that by the end of 2016 487GW of wind power have been installed globally, this represents a capacity increase of greater than 550% over the last decade [9] . This increase in capacity has been made possible largely through advancements in wind turbine technology. The trend of the past decade has been for larger turbine blades and towers to maximise power extraction from the wind resource. Commercial wind turbines are commonly rated at greater than 5MW today with blade and tower lengths greater than 65m and 100m respectively. The current state-of-the-art wind turbine is a 9.5MW machine with 80m long blades and a hub height of 105m. The increasing size of the blades and towers has led to increased flexibility in these components. This has in turn led to vibration problems due to the dynamic nature of the environment in which the structures operate in and the material characteristics of the structures. Over ten years ago Ahlstrøm [1] demonstrated that large turbine vibrations have a 0 Abbreviations: LQR, linear quadratic regulator; PI, proportional integral; F o r P e e r R e v i e w major influence on power production and this work highlighted the need to control blade vibrations as the scale of wind turbines increases. Dueñas-Osorio and Basu [11] have also shown that excessive vibration of turbine towers can have damaging effects on equipment located in the nacelle that is sensitive to acceleration. The need for vibration mitigation strategies for modern HAWTs has therefore been well established.
The past decade has seen structural control approaches applied to HAWTs to control vibrations in blades and towers. Passive [30, 32, 38, 39] , semi-active [2, 13, 24, 29, 7, 31] and active [18, 16, 14, 15, 19, 36, 33] control schemes have been proposed by various researchers. However, all of these approaches share a similar weakness -they require additional hardware and control systems to be installed on the wind turbine blade or tower and for this reason the wind industry has been reluctant to implement many of these controllers.
In parallel with the application of structural control schemes to HAWTs, in recent years researchers have have also investigated blade pitch control strategies for aerodynamic load control. Pitch control strategies modify the aerodynamic load experienced by wind turbine blades and have been used to regulate the power production of HAWTs by adjusting the rotational speed. Regulating the aerodynamic load in this way helps to curb the fatigue damage induced in blades due to cyclic loading. Bossanyi pioneered this work, in particular with the concept of individual blade pitch control (as opposed to standard rotor collective pitch control) [5] , [6] . Other researchers have also developed pitch controllers with dual objectives of regulating rotor speed and reducing fatigue loads/vibration in wind turbine towers/blades [28] , [27] . Such studies on pitch control have shown that by controlling the aerodynamic load experienced by the blades/tower the vibration of the component can also be controlled. Staino and Basu have stated that load control and vibration control are very closely related although they seem different [35] . As such, pitch control strategies can now be considered as an alternative means to reduce vibrations and fatigue loads and associated damage in wind turbine components. Pitch control strategies also utilise existing sensors and actuators on the wind turbine. These controllers operate without the installation of auxiliary damping devices, actuators and controllers thus making them more acceptable to industry and more easily implementable. This paper proposes a novel individual blade pitch control strategy with the objective of reducing blade vibration. A wavelet linear quadratic regulator (LQR) control algorithm which is an advanced modification of the conventional LQR controller has been developed for this purpose. Information obtained from wavelet analysis of blade out-of-plane responses is used to obtain the local energy distribution over frequency bands. This information is used to design the pitch controller by updating the weighting matrices to be applied to the response energy and the control effort. The optimal LQR control problem is solved for each time interval with updated weighting matrices, through the Ricatti equation, leading to time-varying gain matrices. The new controller has been developed in MATLAB/Simulink R and implemented on the National Renewable Energy Laboratory's (NREL) stateof-the-art FAST wind turbine simulator. The simulations indicate that the proposed new wavelet controller achieves significant reduction in the out-of-plane response of the blades as compared to standard LQR or industry standard proportional integral (PI) controllers. The vibration reductions are achieved at the cost of minor increases in rotational speed variability as well as increased actuator usage.
WIND TURBINE MODEL
A wind turbine model is necessary to illustrate the application of the wavelet-based LQR controller to pitch control. The FAST (fatigue, aerodynamics, structures and turbulence) simulation code [21] is used in this paper to simulate the response of the wind turbine. FAST is an open source design code developed by NREL. FAST has been used in numerous previous studies ([17] , [37] , [3] , [8] , etc.) to model the structural dynamics of wind turbines. MATLAB/Simulink R is used for the control design and implementation with FAST. The specifications of the NREL 5-MW baseline reference wind turbine [23] have been used to model the turbine in FAST. This is a three-bladed upwind turbine whose properties were derived from available data on commercial wind turbines. The main properties of the 5-MW baseline turbine are listed in Table 1 . FAST performs nonlinear aero-servoelastic analysis in the time domain by joining rotor aerodynamics, electrical system dynamics and strutural dynamics modules [22] .
CONTROL DESIGN AND IMPLEMENTATION
The focus of this study is to minimize the out-of-plane response of the wind turbine blades using the blade pitch control system. This section gives a description of the three controllers used in the analysis. 
Baseline PI controller
The main objectives for control of wind turbines are power regulation (e.g. power maximization, power saturation, smoothing, etc.), speed regulation (e.g. noise restriction), load mitigation (e.g. limiting structural loads/fatigue on blades, on mechanical components, etc.), safety and grid-compliance (e.g. decoupling of mechano-electrical dynamics, compliance to national gridcodes, etc.). In most modern HAWTs two control systems are designed to achieve these control objectives: a generator-torque controller and a rotor-collective blade pitch controller. The control architecture for such a conventional operational commercial HAWT is shown in Figure 1 . This type of machine is a variable speed pitch controlled wind turbine. This paper considers turbine operation in above rated conditions (Region 3) when pitch control is operational. In Region 3 the rotor speed is regulated by shedding extra aerodynamic power. Generator torque is held constant at the rated value. As wind speed increases, the blades are pitched towards incoming wind ("pitch to feather") with the effect of decreasing the aerodynamic angle of attack. Classical Proportional-Integral-Derivative (PID) controllers are used to drive rotor speed error, Ω to zero, this is shown in Figure 2 .
FAST have designed a baseline controller for the 5MW reference wind turbine based on this conventional design approach. Full details of the controller can be found in [23] . The rotor-collective blade pitch angle commands are computed using gain scheduled proportional-integral (PI) control on the speed error between the generator speed and the rated generator speed (1173.7 Figure 3 , taken from the definition of the NREL 5MW wind turbine [23] .
In this paper we have implemented the baseline PI controller in MATLAB/Simulink R . This controller is used in this paper as a conventional controller for the purposes of comparison with the newly developed controllers.
Wind turbine model linearization
A model-based design (MBD) approach has been employed in this paper for the development of the state-feedback pitch controllers, namely the wavelet-based controller and the LQR controller. In the MBD control framework, the synthesis of the control law is based on an appropriate mathematical model that describes the dynamics of interest of the plant under consideration. In the study carried out in this paper, a suitable linear model representative of the dynamics of the wind turbine "plant" has been derived using FAST. FAST is a nonlinear aeroelastic code that accounts for nonlinearities in the wind turbine structural dynamics. For controller design in a MBD framework it is useful to use linearized state matrices that are representations of the complete nonlinear HAWT code. The FAST code has the capability of linearizing the HAWT model about a periodic steady state operating point. LTI state matrices are output for use in controller design [21] . For the purpose of synthesizing the wavelet-based LQR pitch controller and the LQR pitch controller, the state matrices calculated in FAST are used to formulate an optimization problem whose solution provides, at each time step, the control signal to be implemented for pitch control of the rotor blades.
FAST perturbs each of the system variables about an operating point value to numerically linearize the nonlinear system equations of motion. The operating point values are associated with a steady condition of the wind turbine. This leads to a second-order linearized set of equations of motion [21] : | is the wind input disturbance matrix.̄ is the vector of DOF displacements, (and̄̇ and̄̈ are the DOF velocities and accelerations),̄ is the vector of control inputs,̄ is the vector of wind input "disturbances", and is time. The | notation is used to signify that the partial derivatives are computed at the operating point. In state space form the linearized equations become:
where the state vector is given by = Δ̄ Δ̄̇ and the state derivative vector,̇ , is its first time derivative. By running FAST in linearization mode the following state matrices are output: state matrix , control input matrix , wind input disturbance matrix , control input transmission matrix , wind input disturbance transmission matrix and output state matrix . This enables controller design in an MBD framework.
Wavelet controller
The application of a wavelet multi-scale controller has been proposed for vibration mitigation via blade pitch regulation. A formulation was presented in Basu and Nagarajaiah [4] for seismic vibration control of structures by applying active forces. Inspired by the time-frequency control concept, a wavelet based formulation has been developed in this paper focussing on a MIMO system for wind turbine structural load control using individual blade pitch regulation. The proposed time-frequency wavelet-LQR controller is based on a modified form of the linear quadratic regulator (LQR) problem constrained to a band of frequency in the wavelet domain. The fundamental idea of the proposed controller consists of adjusting the weightings for the conventional LQR controller depending on the desired frequency bands required to be controlled. To compute the control in the time domain a multi-resolution analysis (MRA) based discrete wavelet transform (DWT) is used, with the application of frequency band-dependent gains to different filtered signals at different frequency bands. In this study, the control gains are chosen to be time-invariant for each frequency band (although they can be updated online for adaptive applications); however, since the controller works at multiple time scales, the control signal implemented corresponds to a time varying control gain.
As detailed in [4] , DWT implementation may be attained using orthogonal filter banks. Appropriate sampling of the dilation (scale) parameter ' ' in logarithmic scale leads to the discrete sequence 0, 1 , ..., , ..., , . .., , where each scale corresponds to a specific band of frequencies.
For the wavelet-based pitch controller developed in this paper, the state vector ( ) is defined as
where ( ) is the out-of-plane displacement of the ℎ blade and ( ) is the fore-aft displacement of the tower. The control input vector ( ) is defined as
where ( ) is the state vector, as defined in Equation 3 , and ( ) is the control input vector, as defined in Equation 4. The and linearized system matrices are obtained from FAST (see Equation 2 ). The objective is to design a controller such that:
i. The closed-loop system is asymptotically stable
ii. The quadratic cost functional is minimized
For the synthesis of the controller in the time domain, using DWT and multi-resolution analysis (MRA) reconstruction, the state of the system can be decomposed into time signals resolved at different frequency bands and it can be expressed as:
where ( ) is a low frequency signal approximation of the states (below frequencies corresponding to scale given by = ) and ( ) are wavelet filtered signals obtained at scale = . The parameter in Equation 6 indicates the frequency above which the energy content in the signal can be ignored (i.e. it is assumed that ( ) is a finite energy signal). The reconstructed wavelet control signal is eventually expressed as
where the controller (a scalar) is synthesized for frequency bands < and the controllers (scalar) are synthesized for frequency bands = , = , ..., .
The wavelet controller determines for each band of frequencies associated with the scale = the controller gains such that the functional
where ( ), ( ) are wavelet filtered signals obtained at scale = for the state and for the control input, respectively. The objective function in Equation 8 is a quadratic functional as in the case of a conventional LQR but valid for wavelet filtered signals at a frequency band with dilation parameter . The matrices 1 and 2 are weighting matrices such that 1 ≥ 0 and 2 > 0. 1 is a weight applied to the states of the system that penalizes the distance of system states from the equilibrium. 2 is a weight applied to the control effort that penalizes the control input (actuator force), in the minimization process. The objective of the controller is to drive the states of the system from 0 towards the equilibrium by using a minimum amount of energy, according to a dynamics that can be influenced by choosing appropriate weighting matrices 1 and 2 . The synthesis of the controller is carried out by appropriately assigning the weights 1 and 2 depending on the specific spectral components of the system response to be suppressed. The weighting matrices 1 and 2 are also dependent on a corresponding specific frequency band. Hence, this makes it possible to vary the weighting matrices for different frequency bands in order to choose the most appropriate design for the controller. For each scale , the wavelet controller is obtained by solving the associated Algebraic Riccati Equation constrained to the frequency band associated with the scale . Figure 4 shows the implementation of the wavelet controller with FAST in MATLAB/Simulink R .
LQ controller
For comparison, a standard linear quadratic approach has been used for individual blade pitch control. The design of the controller is based on the linear wind turbine model with state matrices and (see Equation 2) obtained from FAST as described in Section 3.2. The LQR algorithm is a model based control strategy for linear systems in the state-space domain that guarantees closed-loop stability and robustness [26] . In the infinite-horizon LQ control design framework, given an ℎ order stabilizable 
where ( ) is the state vector and ( ) is the control input vector, the objective of the design is to determine the matrix gain such that the full-state feedback control law ( ) = − ( ) satisfies the following criteria:
ii. The quadratic cost functional = 1 2
The matrices 1 and 2 are weighting matrices with 1 ≥ 0 and 2 > 0. 1 defines a penalty on the states and 2 defines a penalty on control effort (actuator force). is the cost function that sums the penalties, if the state is not in the desirable location will be large. The LQR algorithm minimises to give an optimal gain . Therefore, the main aim of the LQ regulator 
where the matrix is obtained by solving the algebraic Riccati equation (ARE):
NUMERICAL SIMULATIONS
The nonlinear aeroelastic HAWT model has been simulated using the specifications of the NREL 5-MW baseline reference wind turbine described by [23] . Simulations have been carried out using FAST in MATLAB/Simulink R to illustrate the capabilities of the proposed pitch control strategies. All simulations are 600 s as is standard in the wind turbine literature.
The wind acting on the wind turbine is represented as a steady flow including wind shear effects due to the rotation of the blade and turbulence. The turbulent wind field has been generated using the TurbSim package. TurbSim is a stochastic, fullfield, turbulent-wind simulator. It numerically simulates time series of three-dimensional wind velocity vectors at points in a vertical rectangular grid [25] . The TurbSim output is then be used as input to FAST. In this paper we consider a value of 10% for the turbulence intensity. We have assumed a Kaimal spectrum and have used a different random seed to generate each turbulent wind file.
A Rayleigh distribution (i.e Weibull distribution with shape factor = 2) has been assumed to describe the probabilistic behaviour of the wind speed. The Latin Hypercube Sampling (LHS) method [34] has been used to ensure that a uniform spread of sampling points across the wind speed range has been generated. The Rayleigh distribution has been partitioned into 200 areas of equal probability to generate wind speed samples in the range [11.4, 25] ms −1 (corresponding to the Region 3 operation of the machine, [23] ). The above rated wind speed range has been chosen in order to ensure operation of the wind turbine in the pitch controlled region. The realizations of the random variable associated with the wind speed are assigned without replacement to the dynamic model in FAST to calculate the vibrational response of the rotor blades subjected to the turbulent wind loads.
For each pitch control strategy developed in the present paper, the design of the controller has been carefully chosen as explained below.
i. The PI baseline controller has been tuned as reported in [20] , with proportional gain = 0.01882681 and integral gain = 0.008068634.
ii. For the design of the LQR pitch controller, the choice of the weight 1 = 500 × [ ] 3×3 and 2 = 500 × [ ] 3×3 provides the best performance in terms of vibration reduction and pitch rate variation. These weights have been chosen after a number of trials which have led to the selection of the above mentioned design.
iii. For the design of the wavelet-LQR pitch controller, from the Fourier amplitude of the relevant degrees of freedom in Figure 5 it can be seen that most of the vibrational energy is localized in the low frequency range of the spectrum. The rated rotational speed of the turbine, 12.1 rpm (0.2 Hz), is known as the fundamental rotational (1P) frequency, this is clearly identified in Figure 5 . The blade passing (3P) frequency of the rotor, 0.6 Hz, is also clearly identified. Most of the vibrational energy is concentrated around 0.6 -0.7 Hz corresponding to the natural out-of-plane frequency of the blade at 0.68 Hz [23] . Hence, the primary objective of the controller is to reduce the energy in the frequency band below 0.7 Hz which mainly contributes to the out-of-plane vibration of the blade. At each level, the filtered states are decomposed into linear combinations of basis functions using the orthogonal wavelet 'db4' from the Daubechies wavelets [10] . For the system considered, the states (Equation 3) are decomposed into 8 levels. The detail signals correspond to frequency bands with central frequencies from 0.6 Hz to 0.7 Hz. The reconstructed approximation signal at Level 8 covers all the frequency bands with central frequency less than 0.7 Hz. In order to achieve a better system response compared to conventional LQR, the weight on the control effort is set as 2 = 50 × [ ] 3×3 for the low frequency bands corresponding to the approximation 
FIGURE 6
Max blade out-of-plane displacement for varied wind speeds signal at Level 8. In this way, more emphasis is given to the peaks in the energy spectrum which mainly contribute to vibration of blades.
RESULTS AND DISCUSSION
The wavelet controller achieves impressive reductions in the out-of-plane displacement demand when the turbine is operating in Region 3 (above rated but below cut-out speed). The maximum out-of-plane tip displacement of the blades for different mean wind speeds for each of the pitch controllers is shown in Figure 6 . The wavelet controller achieves peak response reductions of up to 49% when compared to the baseline PI controller and 54% when compared to the traditional LQ controller. It is important 
FIGURE 7
Blade out-of-plane displacement at rated conditions to also view the time series of some of the key results. Figure 7 shows the time history out-of-plane tip response of the blades when the turbine is operating at rated conditions with a turbulence intensity of 10% for each of the controllers. It is clear that the mean blade response is reduced by the wavelet controller when compared with both LQ and PI control. The rms response of the blade is also reduced by 66% compared with LQ control and 47%.
Comparison of controllers
The PI pitch controller has rotor speed regulation as its control objective. Both the LQ and wavelet controller have blade vibration reduction as their control objective. All controllers have the constraint of a maximum pitch rate of 8 deg s −1 . The objective of this work is to investigate whether blade vibration reduction improvement is possible with novel pitch controllers when compared to an industry standard (PI) controller. With this in mind two parameters are considered when comparing controllers; blade pitch rate and speed error.
The blade pitch rate is a measure used to demonstrate the frequency of the pitch actuator usage. A high blade pitch rate is indicative of high pitch actuator usage. The blade pitch rate for the LQ and wavelet controllers is saturated at the maximum allowable value of 8 deg s −1 . However, the blade pitch rate for the PI controller is considerably lower with a mean of 1.4 deg s −1 and a maximum value of approximately 2 deg s −1 . This indicates that the impressive vibration reductions achieved by the wavelet controller come at the cost of higher actuator usage.
In the standard control case (as in the PI controller considered in this paper), the collective blade pitch is used to regulate the rotor speed. This paper concerns the NREL 5MW reference wind turbine operating in Region 3 (above-rated wind conditions). The rated rotor speed for Region 3 is approximately 12.1 rpm [23] . The rotor speed error provides a good indication of the power regulation. The rms rotor speed error for the baseline PI controller is 0.88 rpm. The rms rotor speed error for the wavelet controller is 1.38 rpm. Thus, the significant reduction in the out-of-plane blade vibration is possible with minor increases in the rotor speed error.
CONCLUSIONS
The results clearly show that the wavelet-based multi-resolution analysis with a careful choice of the design parameters allows efficient delivery of the control action and improves the dynamic response. The wavelet controller significantly reduces blade vibrations. The wavelet controller utilizes existing sensors and actuators on wind turbines (i.e. the pitch control system) to achieve these vibration reductions. In this sense it is more readily implementable than traditional structural control devices that 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w have been developed for wind turbine vibration control. These devices require additional hardware and control systems to be installed on the wind turbine blade or tower and the industry has been reluctant to implement many of these controllers.
The fundamental compromise in using the wavelet controller is evident. It is possible to greatly reduce blade vibrations at the cost of higher pitch actuator usage and slightly increased rotor speed variability. Reductions in the out-of-plane blade vibrations of over 40% can be achieved with small increases in the rotor speed error. This is a trade-off that must be considered in the design of a turbine. However, it should be noted that the power delivered to electrical grids by wind energy is determined by wind farms, not individual, standalone wind turbines. Therefore, it is doubtful that the minor increases in individual wind turbine rotor speed error will be relevant when compared with the overal power variability of a wind farm [27] . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
